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Abstract
Computational Fluid Dynamics (CFD) is the emerging technique for analysis and performance prediction of a pulse tube 
refrigerator. The regenerator plays an important role in any cryorefrigerator, and hence to predict the realistic performance, 
proper boundary conditions are required in CFD tool. The modeling of regenerator requires appropriate definition and knowledge 
about hydrodynamic parameters viz. viscous resistance, inertial resistance and porosity. The present work report, CFD assisted 
prediction of hydrodynamic parameters for some widely used regenerator wire mesh structures selected on the basis of different 
porosity, which can predict the same pressure drop and friction factor obtained from experimental correlation equation. A unique 
value of viscous and inertial resistance is obtained iteratively for each mesh screen structures over a range of mass flow rate. 
These data can be readily used as boundary conditions for CFD simulations of the test section. 
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1. Introduction
Pulse tube refrigerator (PTR) has come up as the competent cryocooler among all. Recently, some researchers [1] 
reported successful analysis of a pulse tube refrigerator using the commercially available fluent software package 
that predicts close performance to that observed experimentally. The regenerator is the heart of a cryocooler and 
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Nomenclature
¨pst Steady flow pressure drop  
C Inertial resistance
Cf Forchheimer’s inertial coefficient
D Viscous resistance
fk    Friction factor based on permeability
fD Friction factor based on viscous resistance
K Permeability
Rȕ 5H\QROGVQXPEHUEDVHGȕ
Rk Reynolds number based on permeability
RD Reynolds number based on viscous resistance
(ust) p Cross sectional mean flow velocity in the packed column
u Superficial velocity
ʨ Physical velocity
Greek letters
ȕ Area opening ratio
ĳ Porosity
plays an important role in attaining lower temperature, but also is typically the largest source of loss. Hence, to 
predict realistic performance, the essential aspect of modeling of a pulse tube refrigerator using CFD is to accurately 
define the regenerator and heat exchangers that behave as the porous media under periodic flow. To simplify the 
analysis of these periodic systems, isotropic hydrodynamic parameters associated with steady flow can be used [2]. 
The accuracy of these CFD predictions strongly depends upon the accuracy of the closure relations used. The 
behaviour of regenerator and other heat exchangers can be defined as porous media using appropriate closure 
relations predicting pressure drop. The Clearman et al. [3] at Georgia Institute of Technology have investigated the 
steady flow pressure drop for some specially manufactured cryocooler regenerator structures (325 and 400 stainless 
steel mesh, stainless steel metal foam, and perforated disks). The empirically correlated steady flow axial 
hydrodynamic parameters were obtained for these regenerator structures at various porosities.  A CFD model of the 
regenerator test section and its vicinity was created and iteratively used along with experimental data to provide a 
solution of the governing conservation equations. The empirically measured boundary conditions (inlet pressure and 
mass flow rate) and user defined values of the relevant hydrodynamic parameters are used and the simulated outlet 
pressure, and thus the simulated pressure drop across the regenerator could then be attuned to match the 
experimental pressure drop by varying the assigned values of the viscous and inertial resistances.
Landrum et al. [4] have emphasized for hydrodynamic parameters of different meshes using a CFD-assisted 
methodology, whereby the directional hydrodynamic flow resistance parameters are determined using experimental 
measurements of the fluid mass flow rate and the pressure drop across the anisotropic porous media. The Landrum et 
al. [5] have investigated the effect of average pressure on the porous media hydrodynamic closure relations relevant 
to steady axial flow for some Cryocooler regenerator structures and encountered insensitivity to the charge pressure. 
Jeff Cha et al. [6] have reported the prediction of the hydrodynamic parameters for some mesh structures for 
investigation of pulse tube refrigerator system. However, it is required to obtain the closure relations of widely used 
mesh structures so that can be directly adopted for CFD simulation and performance investigation of any 
cryorefrigerator. The present work reports the prediction of hydrodynamic parameters of some widely used 
regenerator wire mesh structures.
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1.1. Regenerator as Porous Media
Commercial CFD code Fluent [7] solve appropriate volume-averaged conservation equations that govern fluid 
flow for flow fields of complex definition like flow through micro porous media. The external body force term, F
&
in 
momentum conservation equation accounts for viscous and inertial losses of the fluid within the porous media and is 
defined by Fluent as:
          
            (1)
where, Fi is the external body force term for the ith momentum equation, D is the viscous resistance matrix and C is 
the inertial resistance matrix as defined by Fluent. This external body force term is the drag force imposed by the 
pore walls and contributes to the pressure drop across the regenerator matrix. It is proportional to the physical 
velocity of fluid, v. Therefore, for a homogeneous matrix with steady flow without internal axial body forces, the 
axial pressure drop becomes:
                      
       (2)  
The regenerator is modeled as axis-symmetric, and its axial direction is a principle direction for the porous 
medium. Therefore, when flow in the axial direction is considered the coefficients in the last two terms of equation 2 
can be represented as Darcy permeability, Kx and Forchheimer’s inertial coefficient, Cfx, by the relationship; [8]
        (3)
       (4)
The bracketed term on the right side of equation 2 can be rewritten in terms of permeability, the Reynolds number 
and friction factor formulated as
         
         (5)
      
                                               (6)
Reynolds number relation based on the inverse square root of the directional viscous resistance coefficient (D) as
D
ȡ X
Re =
ȝ '
            (7)
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2. CFD Modeling of Regenerator for porous media
In pulse tube refrigerator, regenerator requires an appropriate hydrodynamic parameters and boundary conditions 
for CFD modeling and simulation. A widely used experimental correlation equations to estimate pressure drop and 
friction factor in regenerator wire mesh screens reported by Miyabe et al. [9] is taken as the basis to determine the 
hydrodynamic parameters, C and D. The correlation equation for friction factor in terms of Reynolds number for 
pressure drop of a steady flow through a stack of woven screens:
           
   (4<Reȕ<1000)                               (9)
where, 
                 
                                                                                                                                                     (10)
                                                                                                                      
2.1. CFD Modeling and Simulation Procedure
Preliminary efforts were carried out to study the procedure for finding out the hydrodynamic parameters for the 
regenerator or porous media in cryorefrigerator until comparable results are obtained for similar simulation results 
published elsewhere [3]. The regenerator test section was modeled based on the boundary conditions and 
dimensions reported in literature [3].The simulations performed for several inlet conditions and results are compared 
as tabulated in table 1.
Table 1.  Result Comparison between Clearman et al. and present work.
Clearman et al. Present work
Pressure Inlet (kPa) 1818.2 1824.8261
Pressure drop (kPa) 707.4 714.022
Then further independent investigation was followed for obtaining the viscous and inertial resistances that will result 
into the pressure drop predicted by steady flow axial experimental correlation for the typical wire mesh screens. The 
regenerator test section, as shown in Fig. 1, is modeled based on experimental setup reported by Zhao & Cheng [10].
The model is linear axis-symmetric, so that the dominance of multi-dimensional flow effects may be suppressed. 
Mass flow rate, m was applied as the inlet boundary condition and gauge pressure as the outlet boundary condition. 
The grid independent study was carried out for regenerator. The coarser, medium and finer grids were created and 
simulations were done on each grid for various mass flow rates to determine how mesh schemes affect output 
variables. For each case, the test section was created using structured quadrilateral cell. Evaluation of steady flow 
simulation focused on how mesh discretization altered the pressure drop of the test section is summarized in table 2. 
The medium cell grid with 2400 cells were compared to a coarse and finer mesh grid and it was found that the CFD 
pressure drop obtained using medium mesh model is in good agreement with the pressure drop based on 
experimental correlation. Thus, medium cell grid with 2400 cells was selected for the simulation as shown in Fig.2. 
In this regime, the continuum assumption is valid because the molecular mean free path is much smaller compared 
to the porous size. The Knudsen number obtained for the four mesh screen structures are less than 0.001.The 
pressure drop results from the CFD simulation are compared with that obtained from widely used experimental 
correlation given by Miyabe et al. [9]. 
Table 2.  Grid Comparison of test section under steady flow 1.5 g/s
 st p
ȕ
u ȕ
Re =
ȣ
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Grid Cells Faces Node CFDPressure drop (Pascal)
Pressure drop (Pascal)
Based on correlation
Coarse 960 2086 1127 3901 3922
Medium 2400 5050 2651 3920 3922
Finer 4800 9860 5061 4064 3922
Fig. 1. Mesh model for the test section of regenerator
Fig. 2. Mesh domain modeled for CFD simulation
3. Results and Discussion 
The regenerator section is defined as porous media in Fluent. CFD simulations were conducted for four wire 
screen structures of SS-304 adopted based on different porosity [11].The details of mesh properties are listed in table 
3. The viscous resistance (D) and inertial resistance (C) values were obtained following iterative procedure, which 
can predict the same pressure drop and friction factor as obtained by the experimental correlation equation. A unique 
value is obtained iteratively for each mesh screen size for different mass flow rate ranging from 0.1 to 2 g/s. Table 4 
summarizes the hydrodynamic parameters obtained for the mesh structures often used as regenerator. 
Table 3.  Properties of Regenerator wire mesh screen [11]
Mesh Size 
No.
Wire Size 
No.
Pitch, P 
(mm)
Wire Dia. dw  
(mm)
Mesh distance 
Lw (mm)
Area opening 
ratio (E)
Porosity
(ĳ)
Reynolds
Number (Reȕ)
Min. Max.
100 42 0.254 0.101 0.153 0.363 0.664 4.84 48.42
200 48 0.127 0.040 0.087 0.469 0.740 4.25 21.28
300 49 0.084 0.030 0.054 0.409 0.699 4.5 15.0
400 49 0.063 0.030 0.033 0.270 0.582 4.14 13.81
Figure 3 shows a typical pressure contour across the regenerator of the test section model for 300 mesh structure at 
1.5 g/s. The contour plot suggests that, almost all of the flow resistance of fluid can be attributed to the stacked wire
screen and that other pressure loss mechanisms are small in comparison. With the boundary conditions, adiabatic 
wall surface and constant inlet and outlet temperature of 300 K for helium gas, steady flow simulations reported 
negligible temperature deviations. Accordingly, fluid density reacts with changes in pressure through the ideal gas 
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relationship. Mass flow rate was applied as inlet boundary condition and gauge pressure as outlet boundary 
condition and thus inlet pressure is obtained. The pressure drop across the mesh obtained at charge pressure 3.1 Mpa 
in this case is 3920 Pascal. Figure 4 shows the pressure drop obtained from Miyabe experimental correlation across 
the regenerator test section as a function of mass flow rate of helium gas as well as the CFD simulated predicted 
pressure drop across the range of flow rates for different wire mesh screen structures are superimposed.
Table 4.  Steady flow axial hydrodynamic parameter for regenerator mesh structure at 1.5 g/s
Wire 
Mesh 
Size No.
Porosity Mesh material
Results of CFD Simulation Friction Factor 
Based on 
correlation [9]
Viscous 
Resistance
(D, 1/m2)
Inertial 
Resistance,
(C, 1/m)
Permeability,
(K, m2)
Forchheimer 
coefficient
(Cf)
Friction Factor
100-42 0.662
Wire 
mesh 
screen 
of
SS-304
1.531 E+9 12600 2.880 E-10 0.3651 1.230 1.262
200-48 0.740 5.22 E+9 19200 1.047E-10 0.0587 1.944 2.441
300-49 0.699 1.270 E+10 34000 3.846E-11 0.3086 2.919 3.323
400-49 0.582 3.134 E+10 77400 1.081E-11 0.6453 4.548 3.581
Fig.3. Pressure contour (Pascal) of 300 mesh (S.S-304) under steady flow 1.5 g/s at charge pressure 3.1 Mpa
Figure 5(a) represents friction factor for Reynolds number based on viscous resistance and fig. 5(b) represents 
friction factor based on permeability. The porous mesh (100-42) possesses smaller values of friction factor over a 
range of Reynolds number due to large available free-flow area and hence the viscous resistance has little 
dominance. Where, dense mesh observes considerable effect of viscous resistance, and at lower Reynolds number 
the pressure drop and friction factor increases sharply. Due to very low permeability, for same mass flow rate dense 
mesh structures exhibit low Reynolds number. At lower Reynolds number the effect of the growing Darcy Term      
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( viscous forces ) that  tends to dominate the pressure drop and friction factor increases sharply, while at high 
Reynolds number, the Forchheimer’s Term (inertial resistance forces) tends to dominate, however, friction factor 
asymptotically settle to a constant smaller value. 
Fig.4 Pressure drop as a function of mass flow rate at charge pressure 3.1 Mpa
Fig.5 (a) Steady flow axial friction factors based on viscous resistance;     (b) Steady Flow axial friction factors based on Darcy permeability
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4. Conclusion
    The regenerator is the performance dominating component of a pulse tube refrigerator. The realistic CFD analysis 
of a pulse tube refrigerator therefore depends on appropriate modeling of regenerator section. The CFD models were 
created using structured quadrilateral cell. The grid independent study shows that the medium mesh grid model
provides good agreement between CFD pressure drop and pressure drop based on experimental correlation. The 
CFD simulations are performed for four wire mesh structures to determine hydrodynamic parameters value for 
steady flow test conditions using well known experimental correlation that predict equivalent pressure drop and 
friction factor. Results show that a single unique set of viscous and inertial resistances for each wire mesh screen 
structures make a good agreement for different mass flow rates. The denser mesh screen structure (400) which is 
less porous among all, exhibits the large pressure drops for a given flow rate and consequently possessed larger 
resistances when compared to the different wire screen mesh structures The findings are limited to the charge 
pressure 3.1 Mpa. Thus, the hydrodynamic parameters obtained for four wire mesh screen structures can be directly 
incorporated for CFD simulation and performance analysis of PTR.
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